Abstract-A novel ODEP (optical dielectrophoresis) chip using a polymer photoconductive material and fluorine doped tin oxide (FTO) conductive film is demonstrated to manipulate micron-sized polystyrene beads. Instead of using the traditional hydrogenated amorphous silicon (aSi:H) as photoconductive layers, a thin film of a mixture of poly (3-hexylthiophene) (P3HT) and [6,6]-phenyl C61-butyric acid methylester (PCBM) photoconductive polymer is used in this novel ODEP chip. When the polymer layer is illuminated by a light beam, many electron-hole pairs are created, which increase the conductivity of the polymer. Consequently, localized non-uniform electric field can be generated when an AC bias is applied across the ODEP chip, and localized DEP forces are then generated. The distribution of electrical field induced by a ring-shaped optical electrode is simulated and the maximum trapping velocity is calculated according to Stokes' law for this ODEP chip. The effect of the polymer thickness to the magnitude of the generated DEP force has also been investigated. The maximum trapping velocity and the induced DEP force exerted on 20 μm polystyrene beads are estimated to be 77 μm/s and 15 pN, respectively. Finally, performance of the polymer-based ODEP chip is compared with an a-Si:H-based ODEP chip by trapping and sorting polystyrene beads with identical parameters. The experimental results indicate that the polymer photoconductive material used in our work is promising for rapid fabrication of ODEP chips for microparticles manipulation.
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The development of technologies for the manipulation of micro/nano-scale entities without physical contact plays an important role in the fields of cellular biology, molecular biotechnology, and micro/nano assembly. Effective manipulators that can transport particles, DNAs, or cells to a designated location, or sort nanowires (such as carbon nanotubes and zinc oxide nanowires) are essential to performing many biological and nano-sensing applications. Conventional manipulation techniques such as optical tweezers [1] , magnetic tweezers [2] , and DEP [3] have been proposed and demonstrated. Among them, DEP technique has been demonstrated to be an effective method for parallel micro/nano manipulation on microfluidic platforms. However, its requirement for fixed physical electrodes constrains the reconfigurability of DEP-based devices for many applications. Alternatively, optoelectronic tweezers (OET), which use projected optical image patterns to define virtual electrodes has attracted considerable interest recently [4] . Many OET are now implemented using ODEP (optical dielectrophoresis) chips consisting of a top indium-tin oxide (ITO) glass substrate and a bottom ITO glass substrate with a photoconductive layer (usually amorphous silicon, i.e., a-Si:H). Typically, an AC bias is applied between the top and bottom ITO glasses. In the absence of an incident light, majority of the voltage drops across the photoconductive layer due to its high impedance.
However, upon illumination, the photoconductive layer's conductivity increases by many orders of magnitudes due to the generation of electronhole pairs. Hence, the applied voltage will drop across the liquid layer and change the distribution of the electric field, thus generating a localized non-uniform electric field between the top and bottom conductive layers. The particles exposed to this non-uniform electric field are then subjected to a DEP force. This optically-induced DEP force has been demonstrated to manipulate microparticles, cells [5] , silver and silicon nanowires [6] . Recently, manipulation of multi-walled CNTs [7, 8] and single DNA molecule [9] have also been realized by using optically induced DEP force.
As mentioned above, amorphous silicon is a widely used photoconductive material for fabricating ODEP chips. However, the fabrication of amorphous silicon thin layer on the ITO glass substrate usually requires a plasma-enhanced chemical vapor deposition process, which is still a relatively costly and high-temperature and process. Accordingly, the need for better, cheaper and more flexible photoconductive materials has focused on investigations into polymeric materials due to their relative ease of thin film fabrication. A photoconductive polymeric material (P3HT:PCBM=1:1) was first proposed by G. B. Lee's group [10] , which uses PEDOT:PSS on ITO glass for electrical connections. However, the performance of this polymer-based ODEP chip has never been characterized in detail, and compared with traditional a-Si:H-based ODEP chips, to the best of our knowledge.
In this paper, we present our development of a novel ODEP chip using the same photoconductive polymer material (P3HT:PCBM, but with different mixture ratio). Also, we used FTO thin film as the transparent conductive electrode to obtain higher transmittance and lower resistivity. In our study, we first carried out a theoretical analysis on the effect of AC frequency and medium conductivity on the direction of induced DEP force exerting on polystyrene beads of different dimensional scales. Then, a simulation is conducted to parametrically evaluate the performance of this novel polymer-based ODEP chip. Additionally, the effect of the polymer thickness on the magnitude of induced DEP force is investigated, and the performance of this polymer-based chip is evaluated by comparing it with aSi:H-based chip.. Finally, experimental results of trapping and sorting microparticles are reported.
II. ODEP PRINCIPLE AND CHIP FABRICATION

A. Dielectrophoresis
Dielectrophoresis is a phenomenon in which a force is exerted on a dielectric particle when it is subjected to a non-uniform electric field. When a polarizable object is under a non-uniform electric field, a dipole moment is induced and the object will move towards the maximum or the minimum value of electric field, depending on its relative polarizability to the medium. The magnitude of force can be expressed as [3] :
where F dep represents the time-averaged DEP force acted on a particle, a is the particle radius, ε m is the dielectric constant of suspending medium, 
is the real part of CM factor, which has a value between +1.0 and -0.5 for spherical particles. Depending on this value, the particles can either be attracted to or repelled from the strong electric field, which is called positive DEP or negative DEP, respectively. For a spherical particle, the CM factor can be described as:
where σ p and σ m are conductivities of particles and suspending medium, respectively; ω is the angular frequency of applied electric field, and j is 1 . For a spherical particle, the conductivity is given by [11] :
where σ bulk and k s are bulk conductivity and surface conductivity of the particle material (for polystyrene beads, σ bulk =1u10 -16 S/m, K s =2u10 -9 S/m), respectively.
As mentioned above, the direction of DEP force is dependent on the sign of real part of CM factor, which is governed by the conductivity and real permittivity of both the particles and the suspending medium, and the angular frequency of the applied electric field.
Assuming polystyrene beads are suspended in DI water, the real part of CM factor verse AC frequency is given in Fig. 1 . The outer and inner diagrams show the relationship for polystyrene beads with the diameter of 20 μm and 1 μm, respectively. The positive DEP force dominates a large range of medium conductivity for 1 μm polystyrene beads, while the negative DEP force dominates a large range of medium conductivity for 20 μm polystyrene beads. This different characteristic provides an enabling method for particles separation with different diameters. We note here that a medium solution with conductivity of 5×10 -3 is used in our study, so a positive DEP force is induced for 1 μm polystyrene beads, and a negative DEP force is induced for 20 μm polystyrene beads.
B. Working principle of ODEP chip
The schematic illustration of the polymer-based ODEP chip is shown in Fig. 2 . The chip consists of a top indium-tin-oxide (ITO) coated glass and a bottom FTO glass coated with a polymer photoconductive layer. A liquid containing samples of interest is injected into the a gap between the two top and bottom layers. An AC bias is applied onto the top and bottom conductive layers to generate non-uniform electrical field. Initially, the majority of the voltage drop across the photoconductive layer is due to its high electrical impedance. However, upon an optical image illumination, the photoconductive polymer's conductivity is increased by several orders of magnitude due to the generated electron-holes pairs. As a result, a localized non-uniform electric field is generated in the illuminated area in the liquid layer. The particles in the medium thus experience an attractive or repelling DEP force due to induced electric dipoles. Hence, as the optical patterns are projected onto the ODEP chip, they function as the microelectrodes to induce DEP force, and thus are referred to as "virtual" or "dynamic" electrodes. Therefore, the microparticles can be manipulated through these "virtual" electrodes generated by a commercially available projector. Fig. 3 shows a cross-sectional view of the fabrication process of the polymer-based ODEP chip. First, cleaned glass is sputtered with FTO thin film to form a 150-nm conductive layer. Then, the combination of poly (3-hexylthiophene) (P3HT) and [6, 6 ]-phenyl C 61 -butyric acid methylester (PCBM) at a ratio of 5:4 are dissolved in chlorobenzene and stirred for 30 minutes to form P3HT:PCBM mixture. Then, the mixture is brush painted onto a preheated FTO glass. After the solvents evaporate, the film is finally annealed at 110 for 10 min., ~100 and the photoconductive layer is thus obtained. In this study, a 0.5 μm layer of P3HT:PCBM thin film is used as a photoconductive layer. Finally, a double-sided-tap (100 μm) is used to connect the top ITO glass and bottom FTO glass with conductive polymer layer to form a microfluidic channel. An AC bias is applied between the top ITO and bottom FTO layer, and conductive foam is used to reduce contact resistance. The liquid solution containing microparticles is then injected into the microchannels.
C. Design and microfabrication of ODEP chip
D. DEP force around a ring-shaped electrode
The distribution of electric field created by a ringshaped optical electrode is simulated and shown in Fig. 4 . The ring has an internal diameter of 60 μm and outside diameter of 140 μm. The actual thickness of each thin film layer of the ODEP chip (as illustrated in Fig. 3 ) is used in this simulation. The arrow indicates the direction of negative ODEP force exerted on particles and the contour color indicates the electric field strength, with maximum of 5.9 ×10 4 V/m. As shown, the maximum field strength occurs on the inner and outer edges of optical electrode, at where the electrical conductivity of the P3HT:PCBM film is highest, i.e., on top of the FTO glass substrate. The field strength gradually decreases with increasing distance from the electrode edge. Furthermore, the greatest DEP force also occurs at the edge of the optical ring. The simulation results also indicate that lateral particle movements are primarily driven by the x-component of |E| 2 . When a particle is "trapped" in the ring electrode and subjected to DEP force from different directions, as indicated in Fig. 4 , the particle tends to move towards the low electric field area by the negative DEP force. The particle finally stabilizes at the center of the ring. When the optical ring moves, the particle moves with it. If the optical ring moves too fast across the surface of the ODEP chip, the particle within the "ring trap" can be levitated over the high electric field and slips away. Moreover, the induced DEP force and maximum trapping velocities at different locations are presented is Fig. 5 . The sign of these values just represent the different directions of the negative DEP force. As shown, the maximum DEP force exerted on the particle is determined by the inner ring of the optical image, and has a value of ~18 pN for the ODEP chip used in our experiments. Also, the maximum trapping velocity is ~ 90μm/s, i.e., a particle under manipulation will escape from the dynamic ring electrode if the ring moves faster than this maximum trapping velocity.
III. EXPERIMENTAL RESULTS
A. Sample preparation
Polystyrene beads with the mean diameters of 20.85±0.04 μm, 1.05±0.02 μm (produced by Polysciences, Inc.) are immersed in deionized water. Bovine serum albumin solutions (1%) are added to the sample solution so as to avoid the stiction of the polystyrene beads onto the substrate. The conductivity of the final solution is 51.2 μS/cm. Fig. 6 shows a schematic illustration of the experimental setup for microparticles manipulation using ODEP. A commercial presentation projector is used to generate patterned optical images onto the ODEP chip. Here, a DMD projector (NEC NP41+, Japan) with a standard resolution of 1024×768 is used to induce electron-hole pairs generation in the polymeric material. A condenser lens (Nikon, MS Plan, 50×) is used to focus and collimate the patterned image onto the ODEP chip. A prepared polymer-based ODEP chip is fixed on a 3D moveable platform. A video acquisition system connecting to a microscope (Hirox KH 7700, Japan) enables real-time observation of the manipulation process. A computer software (Macromedia Flash MX) is used to draw animations to generate optical electrodes with different geometries. Additionally, an AC bias supplied by a function generator (Tektronix, AFG 3022B, USA) is applied to the top and bottom conductive layers of the ODEP chip. The solution containing particles of interest is injected into the space (microchannel) between the ITO and FTO substrates. . A localized non-uniform electric field is induced when the bia voltage is turned on, and the micron-scale objects are consequently subjected to localized DEP force. By using different light patterns, various operations such as transportation, concentrating, and sorting can be realized.
B. Experimental setup
C. The thickness effect of P3HT:PCBM film
The DEP force generated by the P3HT:PCBM photoconductive layer with different thicknesses are compared to parametrically evaluate the performance of the film. A ring-shaped optical electrode, with 60 μm internal diameter and 35 μm line width, is illuminated onto the ODEP chip and moves with an increasing velocity while having a trapped bead with a diameter of 20 μm inside the ring. An AC signal with magnitude of 20 Vpp and frequency of 20 kHz is applied between the top and bottom conductive substrates in these parametric experiments. As mentioned earlier, the maximum trapping velocity of a particle is defined as when the particle cannot follow the movement of the ring. Then, using Stokes' law to estimate the fluidic drag force on a moving spherical particle in a fluidic medium, the induced DEP force, which is balanced by the fluidic drag force, can be approximated. That is, when a particle escapes a "ring trap" moving at a certain velocity, the particle is assumed to have just experienced a drag force greater than the trapping DEP force acting on it. Fig. 7 plots the maximum trapping velocity and generated DEP force exerted on the polystyrene beads for P3HT:PCBM films with different thicknesses. As shown, the maximum trapping velocity increases with the thickness of P3HT:PCBM photoconductive layer. Since the absorption of the incident light is proportional to the thickness of the light-activated layer, the increased trapping velocity can be then attributed to the generation of higher concentrations of photo-generated carries in the thicker polymer films. The maximal trapping velocities of polystyrene beads are measured to be ~23, 36, 47, and 77 μm/s for the polymer-based ODEP chip with P3HT:PCBM thickness of 100, 200, 300, 500 nm, respectively. The maximum DEP force is generated by the ODEP chip that uses a 500 nm polymer as the photoconductive layer, which is ~29 pN as shown in Fig.  8 . The results indicate that the performance of polymerbased ODEP can be improved by increasing the thickness of the polymer. 
D. Trapping polystyrene beads by different ODEP chips
The maximum trapping velocities induced by polymer-based ODEP chip and a-Si:H-based ODEP chip are compared under the same manipulating parameters as given in the above sub-section. Fig. 8 (a) and (b) show a time-lapsed sequence of frames for the transportation of a 20 μm polystyrene bead at the velocity of ~77 μm/s using the polymer-based ODEP chip; (c) and (d) show the transportation of the same size bead using the a-Si:Hbased ODEP chip at the velocity of ~147 μm/s. Experimental results indicate that the maximum trapping velocity induced by a-Si:H-based ODEP chip is approximately twice that of induced by polymer-based ODEP chip. This is mainly caused by the different absorption coefficient of the a-Si:H and polymer photoconductive layers. Hence, our future experiments will focus on finding conjugated polymers with different band-gap structures and which have higher absorption coefficients, to replace the P3HT:PCBM as the opticallyactivated layer. The optical response of the ODEP chips can then be fine-tuned and optimized to specific illuminating wavelengths for the generation of maximum DEP force. Additionally, the diffusion length of the conjugated molecules is usually limited to 10 nm [12] , while the ambipolar diffusion length of a-Si:H is usually 115 nm [13] . This is an important advantage in using polymer-based ODEP chips for precise and effective optical manipulation of microparticles. 
E. Patterning of polystyrene beads by using different
ODEP chips A further comparison of ODEP chips with different photoconductive materials, i.e., polymer and a-Si:H, is conducted by patterning 'SIA' letters using 1 µm polystyrene beads. As mentioned above, polystyrene beads with diameter of 1 µm are susceptible to experiencing a positive DEP force when subjected to a non-uniform applied electric field. Initially, polystyrene beads are distributed randomly in the DI water between the gaps of the ODEP chips. To collect these dispersed beads, a 'SIA' patterned light generated by the FLASH software is projected onto these ODEP chips to induce non-uniform electric field. Fig. 9 (a) shows the 'SIA' patterned light illuminating on the polymer-based chip with a line width of about 40 µm. After 60 s, the beads collected together to form the 'SIA' letters; (c) and (d) show the patterning process of polystyrene beads with the same size by using an a-Si:H-based ODEP chip, which only needed 30 s to accumulate the particles into the 'SIA' pattern. The result indicates that the magnitude of DEP force induced by aSi:H-based chip is approximately twice than that of polymer-based chip. This result is well in accordance with our trapping experimental results as discussed in the last section. Hence, the polymer-based ODEP chip should be further optimized to improve performance. However, the advantages of using polymers as the photoconductive layer include low cost and ease of fabrication during mass-production of the ODEP chips.
IV. CONCLUSIONS
A novel ODEP chip using a polymer photoconductive material (P3HT:PCBM) and FTO electrodes is demonstrated to trap and pattern microparticles using optically induced DEP force. Theoretical analysis demonstrates that micron-sized polystyrene beads of different sizes experience different directions of ODEP forces, and thereby, different sizes of particles have different trapping velocities. . Additionally, the magnitude of ODEP force induced by polymer-based chip is proportional to the thickness of the polymer, which is mainly caused by the difference in absorption coefficient. By using programmed light patterns as virtual electrodes, this polymer-based chip is employed to realize real-time trapping and patterning of polystyrene beads. The maximum trapping velocity and the induced DEP force exerted on 20 μm polystyrene beads are estimated to be 77 μm/s and 15 pN, respectively. The performance of this polymer-based chip is evaluated by comparing it with a-Si:H-based chip.. Experimental results indicate that the magnitude of DEP force induced by the polymer-base chip is ~50% of DEP force induced by the a-Si:H-based chip. 
